Abstract-A new wideband differentially fed dual-polarized antenna with stable radiation pattern for base stations is proposed and studied. A cross-shaped feeding structure is specially designed to fit the differentially fed scheme and four parasitic loop elements are employed to achieve a wide impedance bandwidth. A stable antenna gain and a stable radiation pattern are realized by using a rectangular cavity-shaped reflector instead of a planar one. A detailed parametric study was performed to optimize the antenna's performances. After that, a prototype was fabricated and tested. Measured results show that the antenna achieves a wide impedance bandwidth of 52% with differential standing-wave ratio <1.5 from 1.7 to 2.9 GHz and a high differential port-to-port isolation of better than 26.3 dB within the operating frequency bandwidth. A stable antenna gain (≈8 dBi) and a stable radiation pattern with 3-dB beamwidth of 65°±5°w ere also found over the operating frequencies. Moreover, the proposed antenna can be easily built by using printed circuit board fabrication technique due to its compact and planar structure.
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I. INTRODUCTION
R APID development of modern communications makes it desirable to have antennas satisfying some stringent requirements, such as wide impedance bandwidth, unidirectional radiation, stable gain, stable radiation pattern, low profile, etc. For cellular wireless communication systems, ±45°dual-polarized base station antennas are widely applied especially in large cities, where a huge communication channel capacity and a high-data transmission speed are required. Recently, large numbers of dual-polarized base station antennas have been proposed [1] - [6] . Unfortunately, these antennas still suffer from a narrow impedance bandwidth. In 2014, a wideband dual-polarized base station antenna was investigated [7] . Good impedance matching, good port-to-port iso-lation, stable radiation pattern, and stable gain are obtained for the antenna [7] from 1.7 to 2.7 GHz. Other dual-polarized base station antennas operating between 1.7 and 2.7 GHz have also been developed in the recent five years [8] - [10] .
Increasing demand in the wireless communication market has led to the need for compact and fully integrated radio frequency front-end products, for which differential signals are more preferable. However, most of current antennas, such as antennas proposed in [2] - [10] , are designed to be singleended, which means that a balun or a 180°hybrid is usually needed to connect them to the differential microwave circuits. Unfortunately, adding a balun or a 180°hybrid will cause additional losses, increase the whole circuit's size and reduce the antennas' impedance bandwidth. To avoid all of these weaknesses, differentially fed antennas are required, with which a balun or a 180°hybrid is no longer necessary.
Recently, a large number of papers about differentially fed antennas have been presented [11] - [16] . However, most of them [11-[14] are single-polarized. Although both of the antennas proposed in [15] and [16] are dual-polarized, the former one has a narrow impedance bandwidth while the latter one's radiation pattern is not unidirectional. In 2013, a differentially fed magnetoelectric dipole antenna was proposed [17] , which achieves a wide impedance bandwidth of 114%. Stable unidirectional radiation patterns are also achieved over the most of the operating frequency band. In the same year, a novel differentially driven dual-polarized magnetoelectric dipole antenna was also developed in [18] . A wide impedance bandwidth of 68% for differential reflection coefficients less than −10 dB and stable radiation patterns are obtained across the operating frequency band. This paper proposes a new wideband differentially fed dualpolarized antenna with a theoretically infinite differential portto-port isolation. A cross-shaped feeding structure [18] is specially designed to fit the differentially fed scheme. Four parasitic loop elements are added to shift the upper resonance of the antenna to a lower frequency. As a result, the antenna can achieve a wide impedance bandwidth from 1.7 to 2.9 GHz with differential standing-wave ratio (SWR) <1.5. Great differential port-to-port isolation, stable gain and stable radiation pattern are also realized within the operating frequency band.
II. ANTENNA DESIGN Fig. 1 shows the geometry of the proposed differentially fed dual-polarized antenna. After a detailed parametric study, the optimized dimensions of the antenna are acquired, which are 0018-926X © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. given in the final annotation of Fig. 1 . The parametric study will be presented in Section III. In order to correspond to the position of base station antenna for real applications, xoz-plane and yoz-plane are defined as the horizontal and vertical plane, respectively. As can be seen from the 3-D view of the antenna, depicted in Fig. 1(a) , the antenna is composed of two pairs of orthogonal hexagonal loop radiators, four quadrangular loop parasitic elements, a cross-shaped feeding structure, a rectangular cavity-shaped reflector and four coaxial feeds. Fig. 1 (a) also indicates that the antenna is 90°rotationally symmetrical. The loop radiators, the loop parasitic elements and the feeding structure are built on the FR4 substrate with a ε r = 4.4, a tan δ = 0.02, and a thickness = 0.8 mm. The loop radiators and the loop parasitic elements are printed on the lower side of the substrate while the feeding structure is on the upper side.
As illustrated in Fig. 1 (b), four coaxial feeds are employed to excite the antenna. The cross-shaped feeding structure is connected to the inner conductors of the four 50-coaxial cables through the substrate. On the other hand, the outer conductors of the coaxial cables are soldered on the loop radiators. Fig. 1 (b) also shows that an etched hole is made on each loop radiator to avoid intersection.
The side view of the antenna is depicted in Fig. 1 (c). An SMA connector is bonded to each of the coaxial cable under the ground plane. Therefore, four SMA connectors are needed and these four ports are defined as single-ended ports 1-4, respectively, as illustrated in Fig. 1(b) . Accordingly, single-ended port 1 and port 2 are designated as differential port 1 while single-ended ports 3 and 4 are designated as differential port 2. To excite a differential port, the signals with the same amplitude and 180°phase difference should be transmitted to the two corresponding ports, such as port 1 + and port 1 − , or port 2 + and port 2 − . As shown in Fig. 1(d) , when differential port 1 is excited, the antenna is −45°polarized along the dashed line direction; when differential port 2 is excited, the antenna is +45°polarized along the solid line direction.
The principle of this antenna's wide impedance bandwidth is similar to our previously proposed dual-polarized base station antenna [7] . The first resonance (lower frequency) is caused by the radiators themselves, which can be treated as two pairs of dipoles. Therefore, its resonant frequency (1.8 GHz) is determined by the dimension of the loop radiators (L/2 + L 1 + L 2 + L 3 /2 ≈ 0.261λ 0 , where λ 0 is the freespace wavelength at 1.8 GHz). On the other hand, the second resonance (upper frequency) is introduced by the unexcited radiators. For example, when differential port 1 is excited, the other two loop radiators connected to differential port 2 (unexcited radiators) work as couple elements, which cause the second resonance. However, these two resonant frequencies are too far away from each other. To fix this problem, four extra parasitic elements is introduced, which is the main novelty of this paper. By adding these parasitic elements, the second resonant frequency can be shifted to a lower frequency, which is greatly influenced by the side length of the loop parasitic elements, L p . By properly adjusting the dimension of the radiators and the parasitic elements, a good impedance matching across a wide frequency band can be achieved. The principle of the wide impedance bandwidth will be further discussed in Section III-B.
To obtain a stable unidirectional radiation pattern, a stable antenna gain and a stable beamwidth, the proposed antenna is fixed above a rectangular cavity-shaped reflector with dimensions of 140 mm × 140 mm × 6 mm (1.073 λ 1 by 1.073 λ 1 by 0.046 λ 1 , where λ 1 is the free-space wavelength at 2.3 GHz) instead of a planar one [7] , [19] , as shown in Fig. 1(a) and (c). The advantage of a cavity-shaped reflector over a planar one has been fully discussed in [7] . The distance between the antenna and the reflector is about 0.261 λ 1 (H = 34 mm). It should be noted that the dimensions of the metal reflector and the distance between the antenna and the reflector in this paper are the same as [7] .
III. PARAMETRIC STUDY Our aim is to design a differentially fed dual-polarized base station antenna to cover 2G (1710-1920 MHz), 3G (1880-2170 MHz) and local thermal equilibrium (LTE) bands (2300-2400 MHz and 2570-2690 MHz) simultaneously. Therefore, the antenna should have a wide impedance bandwidth (1710-2690 MHz) with SWR <1.5, a great port-toport isolation (>25 dB), a high antenna gain (>8 dBi) and a stable radiation pattern with 3-dB beamwidth of 65°±5°in the horizontal plane over the whole operating frequency band. In order to obtain the best performances of the proposed antenna, a parametric study was carried out by using Ansoft HFSS Solver [20] . In this paper, our main purpose is to achieve a wide impedance bandwidth and a stable radiation pattern. According to this goal, some parameters of the loop radiators, the cross-shaped feeding structure, the loop parasitic elements and the rectangular cavity-shaped reflector, etc, were studied. Note that only differential port 1 was studied because port 2 has the same simulated results. Besides, only 3-dB beamwidth in the horizontal plane was investigated since vertical plane has the same results. To understand each parameter's effect on the antenna's performance independently, only one parameter is studied at a time. Fig. 2 shows the effect of the first parameter, L 1 , on antenna gain and differential SWR from 1.5 to 3.1 GHz. It can be observed that the antenna has two resonances across the frequency band and the impedance matching is very sensitive to this parameter. When L 1 is set to be 8.5 mm, the first resonance occurs at about 1.8 GHz while the second at 2.7 GHz. The curves in Fig. 2 also reveal that as L 1 increases both of these two resonances happen at a lower frequency. As mentioned in Section II, the lower resonance is caused by the loop radiators themselves and when their dimensions, determined by L/2 + L 1 + L 2 + L 3 /2, increases, the resonant frequency obviously should move to a lower frequency. It is analyzed in [7] that the second resonance was caused by the unexcited loop radiators and when the coupling line becomes longer it will shift to a lower frequency, which is demonstrated in Fig. 2 . To make the two resonances occur within our designed frequency band, L 1 = 8.5 mm was chosen.
A. Loop Radiators and Cross-shaped Feeding Structure
The second parameter that affects the antenna's impedance matching is L 2 . It can be seen from Fig. 3 that the upper resonant frequency is insensitive to the variation of L 2 . The reason for this phenomenon is that this resonance is only affected by the coupling between the excited radiators and the unexcited radiators and that between the radiators and the parasitic elements. However, the lower resonance takes place at a lower frequency as the value of L 2 is increased. This is because of the increase of the loop radiators' dimensions. Fig. 3 also indicates that the antenna gain is insensitive to L 2 across the whole operating frequency band. Thus, L 2 = 22.5 mm was selected to obtain a proper resonant frequency of the lower resonance. The width of the feeding structure, W 6 , is another parameter that has a great influence on the antenna's impedance bandwidth. As depicted in Fig. 4 , W 6 is very important for the impedance matching especially near the upper resonant frequency. As W 6 increases, the second resonance occurs at a higher frequency. A low SWR (<1.5) and stable antenna gain (around 8.5 dBi) can be achieved from 1.7 to 2.9 GHz when W 6 = 2 mm was chosen.
B. Loop Parasitic Elements
The loop parasitic elements also exert a critical impact on the impedance matching of the antenna especially in the higher frequency band near the second resonant frequency. The effects of varied side length of the loop parasitic element L p on the antenna's SWR and gain are shown in Fig. 5 . It can be seen that the impedance matching is very sensitive to this parameter. By increasing the value of L p , the upper resonance occurs at a lower frequency while the lower resonance is insensitive to the variation. Fig. 5 also shows that when the proposed antenna does not have four parasitic loop elements, its impedance matching becomes bad with SWR around 2 and at the same time the antenna gain decreases significantly. The reason for this deterioration is that when the parasitic elements are removed, these two resonant frequencies are too far away from each other.
In order to have a distinct view on how the loop parasitic elements affect the proposed antenna's impedance matching, the electrical current distributions of the antenna without parasitic elements and the proposed antenna are compared in Fig. 6 . It can be seen from Fig. 6(a) that for the antenna without parasitic elements, the electrical current at the first resonant frequency of 1.8 GHz is very strong on the excited radiators while the current on the unexcited loops is weak. Therefore, the first resonance was caused by the excited loop dipole itself. When we compare Fig. 6(a) and (c), it can be observed that the loop parasitic elements almost have no impact on the current distribution at 1.8 GHz. That is why they have no impact on the first resonant frequency. However, Fig. 6(b) and (d) shows that the loop parasitic elements have a significant effect on the current distribution at 2.7 GHz. Obviously, by adding four parasitic elements, the current on the loop resonators (unexcited loop dipole) is enhanced especially around the feeding points. It means that these parasitic elements can increase the coupling between the excited loop dipole and the unexcited one. As a result, the second resonant frequency can be shifted down from 3.25 to 2.7 GHz when L p was set to be 12 mm (Fig. 5) . Hence, for a wide impedance bandwidth and a high gain for the proposed antenna, L p was chosen to be 12 mm.
The second parameter that affects the antenna's impedance bandwidth is the gap between the radiators and the parasitic elements G 2 . It can be observed in Fig. 7 that a larger G 2 yields a wider impedance and gain bandwidth. However, when the gap is too big the impedance matching in the middle of the bandwidth becomes worse. A good impedance matching (SWR < 1.5) and a stable antenna gain (around 8.5 dBi) can be achieved from 1.7 to 2.9 GHz when G 2 = 2 mm is selected.
The third and fourth parameters studied are the widths of the loop parasitic elements, W 4 and W 5 . Their effects on the proposed antenna's 3-dB beamwidth and SWR are Simulated and measured antenna gain and 3-dB beamwidths at port 1. Fig. 13 .
Simulated and measured antenna gain and 3-dB beamwidths at port 2.
shown in Figs. 8 and 9 , respectively. It is seen that these two parameters have no impact on the proposed antenna's impedance matching. However, they do have a slight effect on the half power beamwidth of the antenna and W 4 = 2 mm and W 5 = 3 mm are the optimized values. 
C. Rectangular Cavity-Shaped Reflector
The impact of the rectangular cavity-shaped reflector on the antenna's performances has been fully discussed in [7] . Since the effects of L g , H w , and H on the proposed antenna's 3-dB beamwidth and antenna gain are similar to [7] , they are not repeated here. The optimized values for these three parameters are 140, 6, and 34 mm, respectively.
IV. ANTENNA PERFORMANCE An antenna prototype was constructed and tested to verify the simulated results. The picture of the antenna prototype is illustrated in Fig. 10 . The differential S-parameters are defined as [23] 
where S i j (i = 1, 2, 3, 4; j = 1, 2, 3, 4) are single-ended S-parameters when the differentially fed dual-polarized antenna is regarded as a single-ended 4-port network. The single-ended S-parameters were measured by using an Agilent N5230A 2-port vector network analyzer. When two ports were measured, the other two ports were connected with two 50-loads. After obtaining the results of the 4-port S-parameters, the differential S-parameters can be calculated according to expressions (1a)-(1d). Fig. 11 compares the simulated differential SWRs and portto-port isolation with the measured results. It can be seen that the simulated and measured SWRs agree well with each other and a wide impedance bandwidth of 52% with differential SWR < 1.5 from 1.7 to 2.9 GHz is achieved at both ports. The measured bandwidth of port 2 becomes wider in the lower frequency, which is caused by fabrication tolerance. The figure also shows that a good port-to-port isolation (>26.3 dB) is obtained over the operating frequency band for the proposed antenna. Due to the accuracy of the network analyzer and the fabrication tolerance, there is a big difference between the simulated result and the measured one. However, the measured port-to-port isolation is still acceptable. The great port-to-port isolation can be explained by the electrical current distributions. It can be seen that when differential port 1 is excited, the tangential component of the current along the symmetric plane (the solid line) is null. Therefore, the symmetric plane can be treated as a virtual ground and a good isolation between the two differential ports can be observed. It should also be noted that the antenna should have a theoretically infinite differential port-to-port isolation but the simulated result is around 60 dB, which is caused by the finite accuracy of the finite-element method applied by Ansoft HFSS Solver.
Measurement of the proposed antenna's radiation patterns and antenna gain were accomplished by using a far-field antenna measurement system in an anechoic chamber. In order to measure the proposed differentially fed antenna's far-field radiation patterns, a 180°hybrid coupler was used to transform one single-ended signal to two differential signals. When the radiation patterns of differential port 1 were measured, the two output ports of the 180°hybrid coupler were connected to port 1 + and port 1 − , respectively, while port 2 + and port 2 − were connected with two 50-loads. It is worthwhile to mention that when the antenna is applied to differential microwave circuits, hybrid coupler is no longer needed.
The simulated and measured antenna gain and 3-dB beamwidths at port 1 and port 2 are shown in Figs. 12 and 13 , respectively. It can be seen that a good agreement is achieved between simulated and measured antenna gain, which is stable around 8.5 dBi across the entire operating bandwidth. The curves of the simulated and measured half power beamwidths (HPBWs) in Figs. 12 and 13 show a great agreement between the measured and simulated results and both of them are within 65°±5°from 1.7 to 2.9 GHz. Figs. 14 and 15 show simulated and measured radiation patterns at port 1 and port 2, respectively. It can be seen that a good agreement is achieved between the simulated and measured results and the co-polarization radiation patterns keep almost unchanged over the operating frequencies. Figs. 12-15 indicate that the antenna has a very stable radiation pattern over its operating frequency band. Table I compares the proposed antenna's performances with other dual-polarized antennas. It can be seen that though the antenna in [7] has the same geometrical dimension with the antenna proposed in this paper, its impedance bandwidth is slightly narrower and it is not differentially driven. When compared with other differentially fed dual-polarized antennas [15] , [16] , [18] , the proposed antenna has an advantage of stable radiation pattern and antenna gain over a wide frequency band.
V. CONCLUSION A new broadband differentially fed dual-polarized antenna with stable radiation pattern has been developed in this paper. After a detailed parametric study to investigate the effects of the loop radiators, the feeding structure, the loop parasitic elements, the rectangular cavity-shaped reflector and the height of the antenna on the antenna's performances, a prototype of it was built and measured. Measurement reveals that the antenna features a wide impedance bandwidth of 52% (SWR < 1.5) from 1.7 to 2.9 GHz, a stable radiation pattern with 3-dB beamwidth of 65°±5°, a stable gain (around 8.5 dBi) and a high port-to-port isolation (>25 dB) over the operating frequency band. In addition, the proposed antenna can be easily fabricated by using printed circuit board fabrication technique because it has a compact and planar structure. Hence, the antenna should be a good candidate for future base station systems using differential signals.
